Abstract Guanosine, a guanine-based purine, has been shown to exert beneficial roles in in vitro and in vivo injury models of neural cells. Guanosine is released from astrocytes and modulates important astroglial functions, including glutamatergic metabolism, antioxidant, and anti-inflammatory activities. Astrocytes are crucial for regulating the neurotransmitter system and synaptic information processes, ionic homeostasis, energy metabolism, antioxidant defenses, and the inflammatory response. Aging is a natural process that induces numerous changes in the astrocyte functionality. Thus, the search for molecules able to reduce the glial dysfunction associated with aging may represent an approach for avoiding the onset of agerelated neurological diseases. Hence, the aim of this study was to evaluate the anti-aging effects of guanosine, using primary astrocyte cultures from newborn, adult, and aged Wistar rats. Concomitantly, we evaluated the role of heme oxygenase 1 (HO-1) in guanosine-mediated glioprotection. We observed age-dependent changes in glutamate uptake, glutamine synthetase (GS) activity, the glutathione (GSH) system, proinflammatory cytokine (tumor necrosis factor α (TNF-α) and interleukin 1β (IL-1β)) release, and the transcriptional activity of nuclear factor kB (NFkB), which were prevented by guanosine in an HO-1-dependent manner. Our findings suggest guanosine to be a promising therapeutic agent able to provide glioprotection during the aging process. Thus, this study contributes to the understanding of the cellular and molecular mechanisms of guanosine in the aging process.
Introduction
Guanine-based purines are known to act as extracellular signaling molecules, exerting trophic and neuroprotective roles in in vitro and in vivo experimental models [1] [2] [3] [4] [5] . Guanosine, more specifically, has been shown to induce numerous beneficial cellular responses in several brain injuries, such as seizures, hypoxia, anxiety-like behavior, ischemia, and glucose deprivation [1, [6] [7] [8] [9] . In addition to demonstrating the ability to modulate glutamatergic metabolism, avoiding the overactivation of glutamate receptors, and exerting antioxidant and anti-inflammatory activities [10] [11] [12] , guanosine can also modulate several signaling pathways to provide neuroprotection [1, 13, 14] . However, despite the increasing evidence of the protective effects of guanosine in neural cells, its mechanism of action is not fully understood.
Our group has previously demonstrated the interplay between guanosine and the enzyme heme oxygenase 1 (HO-1) [12, 14] , which is the major enzyme responsible for the conversion of heme into CO and the antioxidant products biliverdin and bilirubin [15, 16] . It has been reported that HO-1 may be a therapeutic target in the aging process and/or neurodegenerative diseases. Increased HO-1 activity correlates with protection against stressful conditions, such as hypoxia/ ischemia, oxidative stress, and neuroinflammation [12, 15, 16] . Furthermore, HO-1 counteracts the transcriptional activity of nuclear factor kappa B (NFkB), which is the master regulator of oxidative stress and the inflammatory response [17] [18] [19] .
Aging is a natural process that induces numerous changes in the brain functionality, including alterations in synaptic efficacy, changes in neuron-glia communication with consequent impairment in cerebral activities, and increases in reactive oxygen species (ROS) and inflammatory mediators [20] [21] [22] . Understanding and managing these alterations may be an important strategy to extend a healthy life span. As such, the association among oxidative stress, inflammation, and aging is based on complex molecular and cellular changes that have only just begun to be understood. As the HO-1 signaling pathway appears to play a role in some of these changes, this enzyme emerges an important therapeutic target to protect against the aging process [15] .
Astrocytes, the main class of glial cells, participate in a diverse range of central nervous system (CNS) functions, including the regulation of neurotransmitter systems, synaptic information processing (as part of the tripartite synapse), ionic homeostasis, energy metabolism, antioxidant defenses, and the inflammatory response [23] [24] [25] [26] [27] . Thus, to study features of adult and aged brains, our group has established a routine technique for the primary culture of astrocytes obtained from non-neonatal rats, because the metabolic, oxidative, and inflammatory properties of cells derived from newborn and adult/aged animals are distinctive [21, 22, 28, 29] . We have previously shown that this tool can be employed to study different astrocytic roles in the CNS, as the cells present classical astroglial markers, such as glial fibrillary acidic protein (GFAP), S100B, and glutamine synthetase (GS) expression and activity. Moreover, they express glutamate transporters, such as the glutamate-aspartate transporter (GLAST) and glutamate transporter 1 (GLT-1), being able to respond to neuroprotective and neurotoxic stimuli [27, 30, 31] .
Considering the essential role of astrocytes in brain functionality and the differences between immature and aged brain as well as the protective effects of guanosine on glial cells, the aim of this study was to evaluate the anti-aging effects of guanosine in primary astrocyte cultures. We evaluated glutamate uptake, GS activity, glutathione (GSH), and glutathione disulfide (GSSG) levels, the activities of glutathione peroxidase (GPx), reductase (GR), and glutamate cysteine ligase (GCL), levels of tumor necrosis factor α (TNF-α) and interleukin 1β (IL-1β), and the transcriptional activity of NFkB p65 in cortical primary astrocyte cultures from newborn, adult, and aged Wistar rats (1, 90 , and 180 days old, respectively). Additionally, we investigated whether HO-1 is involved in the glioprotective effects of guanosine.
Materials and methods

Chemicals
Dulbecco's modified Eagle's medium/F12 (DMEM/F12) and other materials for cell culture were purchased from Gibco/Invitrogen (Carlsbad, CA, USA). Papain was acquired from Merck (Darmstadt, Germany). L-[
3 H]-glutamate was from Amersham/GE Healthcare (Little Chalfont, UK). DNase, cysteine, albumin, γ-glutamylhydroxamate, reduced glutathione, zinc protoporphyrin IX (ZnPP IX), and guanosine were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were from common commercial suppliers.
Animals
Male Wistar rats (1, 90, and 180 days old) were obtained from our breeding colony (Department of Biochemistry, UFRGS, Brazil), maintained under a controlled environment (12-h light/12-h dark cycle; 22 ± 1°C; ad libitum access to food and water). All animal experiments were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Federal University of Rio Grande do Sul Animal Care and Use Committee (process number 24419).
Cell culture preparation and maintenance
Male Wistar rats (1, 90, and 180 days old) were sacrificed by decapitation and had their cerebral cortices aseptically dissected and meninges removed. The tissue was digested using trypsin only-for newborn tissue-or trypsin and papain-for adult tissue-at 37°C as previously described [21] . After mechanical dissociation and centrifugation, the cells were resuspended in DMEM/F12 [10 % fetal bovine serum (FBS), 15 mM HEPES, 14.3 mM NaHCO 3 , 1 % Fungizone®, and 0.04 % gentamicin], plated on 6-or 24-well plates precoated with poly-L-lysine and cultured at 37°C in a 5 % CO 2 incubator. The cells were seeded at a density of 3-5 × 10 5 cells/cm 2 . Twenty-four hours later, the culture medium was exchanged; during the first week, the medium was replaced once every 2 days, and from the second week on, once every 4 days. From the third week on, the astrocytes received medium supplemented with 20 % FBS until they reached confluence (at approximately the fourth week). No dibutyryl cAMP was added to the culture medium in order to observe the naive response of the cells. Specific proteins of neurons and microglia were examined in order to determine the purity of the astrocyte culture, which was around 95 % (data not shown).
Cellular treatments
In order to investigate how astrocytes react to guanosine stimulus, we treated astrocyte cultures with 100 μM of guanosine for 24 h in DMEM/F12 with 1 % FBS at 37°C in a 5 % CO 2 incubator. This concentration and time are in accordance with previous studies [14] . To explore the involvement of HO-1 signaling pathway in the glioprotective effects of guanosine, we previously incubated astrocytes with 10 μM of ZnPP IX (a HO-1 inhibitor) for 1 h, in the presence or absence of guanosine. After cellular treatments, the evaluations described below were performed. To measure membrane integrity, cells were incubated with propidium iodide. To evaluate glutamate uptake after L- [2,3- 3 H] glutamate incorporation, cells were lysed with NaOH. For GS activity and GSH levels, cells were lysed in a sodium phosphate buffer with KCl (140 mM). The extracellular medium was used to measure cytokines' release. The nuclear fraction from cell cultures was isolated and used to measure NFkB p65 levels.
Immunofluorescence analysis
Immunofluorescence was performed as described previously by our group [27] . Briefly, cell cultures were fixed with 4 % paraformaldehyde for 20 min and permeabilized with 0.1 % Triton X-100 in PBS for 5 min at room temperature. After blocking overnight with 4 % albumin, the cells were incubated overnight with anti-GFAP (1:400) and anti-GLT-1 (1:400) at 4°C; this was followed by PBS washes and incubation with a specific secondary antibody conjugated with Alexa Fluor® 488 (green staining) for 1 h at room temperature. For all immunostaining-negative controls, the reactions were performed by omitting the primary antibody. No reactivity was observed when the primary antibody was excluded. Cell nuclei were stained with 0.2 μg/ml of 4′,6′-diamidino-2-phenylindole (DAPI). The cells were visualized with a Nikon inverted microscope, and the images were transferred to a computer with a digital camera (Sound Vision Inc.).
Membrane integrity
Membrane integrity was assessed by fluorescent image analysis (Nikon inverted microscope using a TE-FM EpiFluorescence accessory) of propidium iodide (PI) uptake (at 7.5 μM) at 37°C in an atmosphere of 5 % CO 2 in DMEM/F12 supplemented with 1 % FBS.
Glutamate uptake
The glutamate uptake was performed as previously described with some modifications [27] . Briefly, the cells were rinsed once with PBS and were incubated at 37°C in Hank's balanced salt solution (HBSS) containing the following components (in mM): 137 NaCl, 5. 3- 3 H] glutamate. The incubation was stopped after 7 min by removal of the medium and rinsing twice the cells with ice-cold HBSS. The cells were then lysed in a solution containing 0.5 M NaOH. Incorporated radioactivity was measured in a scintillation counter. Sodiumindependent uptake was determined using ice-cold N-methyl-D-glucamine instead of sodium chloride. Sodiumdependent glutamate uptake was obtained by subtracting the sodium-independent uptake from the total uptake.
Glutamine synthetase activity
The enzymatic assay was performed as previously described [27] . Briefly, cell homogenate (0.1 ml) was added to 0.1 ml of the reaction mixture containing (in mM) 10 MgCl 2 , 50 Lglutamate, 100 imidazole-HCl buffer (pH 7.4), 10 2-mercaptoethanol, 50 hydroxylamine-HCl, and 10 ATP and incubated for 15 min (37°C). The reaction was stopped by the addition of 0.4 ml of a solution containing (in mM) 370 ferric chloride, 670 HCl, and 200 trichloroacetic acid. After centrifugation, the absorbance of the supernatant was measured at 530 nm and compared to the absorbance generated using standard quantities of γ-glutamylhydroxamate treated with a ferric chloride reagent. The activity was expressed as μmol/mg protein/h.
Glutathione content
GSH and GSSG levels were assessed as previously described [27] . Astrocyte lysate suspended in a sodium phosphate buffer with 140 mM KCl was diluted containing a 100 mM sodium phosphate buffer (pH 8.0) containing 5 mM EDTA. To measure GSH, the protein was precipitated with 1.7 % metaphosphoric acid. The supernatant was assayed with ophthaldialdehyde (at a concentration of 1 mg/ml methanol) at 22°C for 15 min. Fluorescence was measured using excitation and emission wavelengths of 350 and 420 nm, respectively. A calibration curve was performed with standard GSH solutions at concentrations ranging from 0 to 500 μM. The results are expressed in nmol/mg protein.
To measure GSSG levels, cell lysate was incubated during 20 min with 0.05 M of N-ethylmaleimide. After, 1 M NaOH was added as well as o-phthaldialdehyde (at a concentration of 1 mg/ml methanol) at 22°C for 15 min. Fluorescence was measured using excitation and emission wavelengths of 350 and 420 nm, respectively. A calibration curve was performed with standard GSSG solutions at concentrations ranging from 0 to 50 μM. The results are expressed in nmol/mg protein.
Glutathione peroxidase activity
GPx (EC 1.11.1.9) activity was measured using the RANSEL kit from Randox (Autrim, UK). The concentration of GPx in the lysed cells was assessed as the decrease in absorption at 340 nm, reflecting the oxidation of NADPH to NADP + , which occurs during the conversion of GSH to GSSG. The results are expressed as U/mg protein (U = international unit, in accordance with the kit).
Glutathione reductase activity GR (EC 1.8.1.7) activity was measured using the Randox commercial kit (Autrim, UK). The enzyme activity was determined after monitoring the NADPH disappearance at 340 nm in medium containing 200 mM sodium phosphate buffer, pH 7.5, 6.3 mM EDTA, 1 mM GSSG, 0.1 mM NADPH, and cell lysate. The results are expressed as U/mg protein (U = international unit, in accordance with the kit).
Glutamate cysteine ligase activity GCL (EC 6.3.2.2) was assayed according to Seelig et al., with slight modifications [32] . Cell lysate, suspended in a sodium phosphate buffer containing 140 mM KCl, was diluted with 100 mM sodium phosphate buffer (pH 8.0) containing 5 mM EDTA. The enzyme activity was determined after monitoring the NADH oxidation at 340 nm in sodium phosphate/KCl (pH 8.0) containing 5 mM Na 2 -ATP, 2 mM phosphoenolpyruvate, 10 mM L-glutamate, 10 mM L-α-aminobutyrate, 20 mM MgCl 2 , 2 mM Na 2 -EDTA, 0.2 mM NADH, and 17 μg of pyruvate kinase/lactate dehydrogenase. The results are expressed in nmol/mg protein/min.
Inflammatory response
The TNF-α levels were measured in extracellular medium using rat TNF-α ELISA kit from PeproTech. The levels of IL-1β were measured in extracellular medium using rat ELISA kit from eBioscience. The results are expressed in ng/ml.
NFkB transcriptional activity
The levels of NFkB p65 in the nuclear fraction determine the activity of NFkB. Astrocyte nuclear fraction was isolated from lysed cells with Igepal CA-630 and centrifugation (following the manufacturer's instructions) and assayed using an ELISA commercial kit from Invitrogen (USA). The results were expressed as percentages relative to the basal conditions.
Protein assay
Protein content was measured using bicinchoninic acid method with bovine serum albumin as a standard [33] .
Statistical analyses
Data were statistically analyzed using two-way analysis of variance (ANOVA), followed by the Tukey's test. P values <0.05 were considered significant. All analyses were performed using the Statistical Package for Social Sciences (SPSS) software version 17.0.
Results
Adult astrocytes present typical glial markers
In order to confirm the purity of the cultures, we performed immunofluorescence for GFAP and GLT-1 ( Fig. 1) , two classical markers of cytoskeleton and glutamate transport, respectively, attesting the astrocytic phenotype of our cultures.
Effects of guanosine on glutamate uptake and GS activity
The regulation of glutamate in astrocyte cultures was assessed through glutamate uptake (Fig. 2a) and GS activity (Fig. 2b) . Firstly, we demonstrated an age-dependent decrease in glutamate uptake in cortical astrocytes (Fig. 2a) . In line with this, guanosine treatment partially prevented this effect, inducing an increase (around 130 %, P < 0.01) in glutamate uptake in adult and aged cultures, compared to newborn cultures. Because guanosine modulates HO-1 [12, 14] , we investigated whether its effect on glutamate uptake was dependent on HO-1 activity using an HO-1 inhibitor (ZnPP IX), which totally abolished the effect of guanosine. Interestingly, newborn astrocytes did not present significant changes after guanosine exposure, indicating that guanosine might act as a protective signaling molecule in disturbances of cellular homeostasis, such as those occurring during pathological aging processes.
An age-dependent decrease in GS activity, compared to newborn cultured astrocytes, was also observed (Fig. 2b) , while guanosine induced an age-related increase in GS activity in adult and aged astrocytes (17 and 42 %, respectively), compared to that seen in newborn astrocytes. The presence of the HO-1 inhibitor was also able to block this effect, restoring the activity to control values. The HO-1 inhibitor had no effect per se on glutamate uptake and GS activity (data not shown).
Guanosine modulated GSH system
GSH is the main non-enzymatic antioxidant defense molecule in the CNS and closely associated with glutamate metabolism; the levels of this antioxidant decreased significantly with age (Fig. 3a) . Guanosine prevented this effect, increasing the levels of GSH in adult and aged cultured astrocytes. Once again, the HO-1 inhibitor abolished the effect of guanosine.
Additionally, we measured the levels of GSSG, which increased in an age-dependent manner (Fig. 3b) . Guanosine restored the GSSG levels via the HO-1 pathway, indicating that guanosine contributes to maintain the GSH system levels. Furthermore, we evaluated the activities of the main enzymatic antioxidant defenses associated with GSH homeostasis, GPx, and GR. GPx activity increased with aging, and guanosine prevented this effect in an HO-1-dependent manner (Fig. 3c) . In contrast, GR activity decreased with aging, and guanosine was able to prevent this decrease via the HO-1 pathway (Fig. 3d) .
Subsequently, we found that the activity of GCL, the first enzyme required for GSH synthesis, decreased with aging (Fig. 3e) . Guanosine also prevented this effect, which was abolished by the HO-1 inhibitor. The HO-1 inhibitor per se had no effect on assays related to the GSH system.
Effects of guanosine on the inflammatory response
As shown in Fig. 4 , there was an age-dependent increase in pro-inflammatory cytokines' release, namely of TNF-α (Fig. 4a) and IL-1β (Fig. 4b) . Guanosine was able to induce a decrease in both TNF-α and IL-1β levels in adult and aged cultured astrocytes. This anti-inflammatory effect of guanosine was mediated by HO-1. Because changes in cell integrity were not observed through PI incorporation (data not shown), the increased levels of cytokines most likely resulted from secretion.
The NFkB signaling pathway is involved in the anti-aging effect of guanosine
The levels of NFkB, a transcription factor involved in numerous biological activities, including the inflammatory response, demonstrated a significant increase with aging (Fig. 5) . Fig. 1 Astrocytic characterization. Cortical astrocytes present GFAP and GLT-1. Representative images of astrocytes from newborn, adult, and aged Wistar rats show intense cytoplasmic immunolabeling for GFAP (95 % GFAP-positive cells) and GLT-1. Immunofluorescence was performed as described in the BMaterials and methods^section. All images are representative fields from three independent experiments. Scale bar = 50 μm Fig. 2 Guanosine alters glutamatergic metabolism in mature astrocytes. Cells were incubated in DMEM/F12 1 % FBS in the presence or absence of 100 μM guanosine (Guo) for 24 h. Alternatively, cells were coincubated with an HO-1 inhibitor. Glutamate uptake (a) and GS activity (b) were measured as described in the Materials and methods section. Data represent the mean + SEM of four independent experiments performed in triplicate. Differences between groups were analyzed statistically using two-way ANOVA, followed by Tukey's test. Values of P < 0.05 were considered significant. a indicates differences from Newborn control; b indicates difference within the same group However, guanosine decreased the transcriptional activity of NFkB p65 in adult and aging astrocytes. In the presence of the HO-1 inhibitor, guanosine did not reduce NFkB activation. Although the HO-1 pathway is upstream of NFkB signaling, the HO-1 inhibitor per se did not present any effect on NFkB levels (data not shown).
Discussion
The aging process correlates with brain biochemical, cellular, and molecular changes, including alterations in glutamate metabolism, oxidative stress, and the inflammatory response, and these events involve the modulation of several signaling pathways [34] [35] [36] . The development of preventive treatments that can protect the brain from pathological aging is of importance, since these cells may become dysfunctional and lead to the onset of neurodegenerative diseases.
Guanosine has been studied in a variety of experimental models, including seizures, hypoxia, glucose deprivation, oxidative injury, and inflammatory conditions [4, 5, [37] [38] [39] [40] . Because guanosine may be released from glial cells, modulating important glial functions, astrocytes emerge as central players in the protective actions of guanosine [12, 14] . Recently, we reported that guanosine has glioprotective effects, and here, we show, for the first time, the anti-aging effect of guanosine on classical astroglial parameters. Moreover, the precise mechanism of guanosine neural/glioprotection is not completely understood, and elucidation of its cellular and molecular targets is needed. In line with this, some data indicate that the extracellular effects of guanosine might involve the activation of intracellular signaling pathways, such as G proteins, MAPK, and HO-1 [12-14, 41, 42] .
The HO-1 pathway has been reported to be active and to operate as a fundamental defensive mechanism for cells exposed to stressful conditions [15, 42, 43] . Accordingly, HO-1 is closely associated with nuclear factor erythroid-derived 2-like 2 (Nrf-2), which controls the master regulator of the redox state and inflammatory response, the transcription factor NFkB [17] . In our previous reports, we demonstrated that HO-1 expression was increased by guanosine, mediating their putative glutamatergic, antioxidant, and anti-inflammatory activities [12, 14] . Additionally, HO-1 may induce GSH biosynthesis, which protects glutamate transporters from oxidative damage. Moreover, the beneficial effects of HO-1 are predominantly expressed in the mature brain; therefore, our cultured astrocytes from adult/aged rats might provide answers about the role of guanosine in aging and neurodegenerative diseases [44, 45] .
Astrocytes play a central role in neuronal transmission, providing the removal of glutamate from the synaptic cleft by high-affinity transporters [46, 47] . This function may avoid excitotoxicity, whose incidence increases in age-related neurodegenerative diseases [22, 34, 48] . Thus, we showed that glutamate uptake activity decreased with aging and that guanosine was able to restore glutamate uptake in an agedependent manner, emerging as a promising pharmacological Fig. 3 Guanosine alters the GSH system in mature astrocytes. Cells were incubated in DMEM/F12 1 % FBS in the presence or absence of 100 μM guanosine (Guo) for 24 h. Alternatively, cells were co-incubated with an HO-1 inhibitor. Content of GSH (a) and GSSG (b) as well as activities of GPx (c), GR (d), and GCL (e) were measured as described in the Materials and methods section. Data represent the mean + SEM of four independent experiments performed in triplicate. Differences between groups were analyzed statistically using two-way ANOVA, followed by Tukey's test. Values of P < 0.05 were considered significant. a indicates differences from newborn control; b indicates difference within the same group tool for the prevention of the progression of neurodegeneration associated with aging. Reinforcing our data, the effects of guanosine originated exclusively from mature astrocyte cultures, which presented decreased GSH levels, in turn, possibly impairing the glutamate transporters [45] . Interestingly, as previously demonstrated under oxidative and inflammatory conditions, the anti-aging effect of guanosine in glial cells was dependent on the HO-1 pathway.
Glutamate may be a precursor of GSH as well as of glutamine via the GS enzyme, thus entering the glutamateglutamine cycle [49, 50] . GS activity presented an agedependent decrease in astrocyte cultures, which may impair neuronal activity. In addition, the aging process is associated with increased oxidative/nitrosative stress, and GS activity is very sensitive to this condition [51, 52] . Our data reveal that guanosine prevented the decrease in GS activity, reinforcing its antioxidant activity as well as its role in glutamate metabolism. Corroborating our previous findings, the effect of guanosine on GS was mediated by HO-1.
There is ample evidence to connect disturbances in GSH metabolism with aging, as reduced GSH content in the brain is associated with altered cognitive functions [53] . Accordingly, guanosine prevented the age-related decrease in GSH content via the HO-1 pathway. Moreover, the increased GSH in glial cells confers protection against age-related neurological diseases, such as Alzheimer's and Parkinson's diseases [54] . Additionally, disturbances in GSH homeostasis are associated with GSH-GSSG redox cycling in astrocytes. Thus, during pathological conditions, GR can become rate limiting for GSH-GSSG redox cycling, which causes a transient increase in cellular GSSG levels, as observed in adult and aged cultured astrocytes.
Guanosine effectively contributes to maintain the biosynthesis of GSH and also modulates the GPx and GR activities. With regard to GSH-GSSG redox cycling, GPx catalyzes the reduction in peroxides, generating GSSG, which is subsequently reduced to GSH by GR [53, 54] . Finally, GCL was found to decrease with aging; GCL catalyzes the formation of the dipeptide γ-glutamylcysteine and is the rate-limiting step in cellular GSH synthesis. Guanosine also modulated GCL, supporting the de novo synthesis of GSH, maintaining high cellular GSH levels, and acting as a glioprotective molecule. In addition, the transcription of GCL is regulated by the Nrf2/HO-1 system, the signaling pathway through which guanosine might exert its glioprotective role.
The aging process is commonly associated with an increased inflammatory response in the CNS. Accordingly, astrocytes are key players in brain immunity, because they sense and amplify inflammatory signals [26, 55] . Moreover, the depletion of GSH in glial cells also induces neuroinflammation [56] . Consistent with the anti-inflammatory role of GSH, we showed that classical pro-inflammatory cytokines, such as TNF-α and IL-1β, increased with aging in cortical astrocytes. These cytokines act in the acute inflammatory response and Fig. 5 Guanosine decreases NFkB transcriptional activity in mature astrocytes. Cells were incubated in DMEM/F12 1 % FBS in the presence or absence of 100 μM guanosine (Guo) for 24 h. Alternatively, cells were co-incubated with an HO-1 inhibitor. The NFkB transcriptional activity was measured as described in the BMaterials and methods^section. Data represent the mean + SEM of four independent experiments performed in triplicate. Differences between groups were analyzed statistically using two-way ANOVA, followed by Tukey's test. Values of P < 0.05 were considered significant. a indicates differences from newborn control; b indicates difference within the same group Fig. 4 Guanosine decreases pro-inflammatory cytokine levels in mature astrocytes. Cells were incubated in DMEM/F12 1 % FBS in the presence or absence of 100 μM guanosine (Guo) for 24 h. Alternatively, cells were co-incubated with an HO-1 inhibitor. Levels of TNF-α (a) and IL-1β (b) were measured as described in the BMaterials and methods^section. Data represent the mean + SEM of four independent experiments performed in triplicate. Differences between groups were analyzed statistically using two-way ANOVA, followed by Tukey's test. Values of P < 0.05 were considered significant. a indicates differences from newborn control; b indicates difference within the same group have a critical role in chronic inflammation, commonly associated with age-related neurological diseases. Guanosine was able to prevent the increase in TNF-α and IL-1β levels through the HO-1 pathway, and, for the first time, we demonstrated the anti-inflammatory effect of guanosine in the aging process. In addition, our findings are in accordance with recent publications that suggest an anti-epileptic activity of guanosine partly via astrocyte modulation in a cross talk between inflammation and glutamatergic system [57] [58] [59] .
TNF-α and IL-1β are known activators of the NFkB signaling pathway, which is intricately involved in inflammation [18, 60] . Thus, in accordance with the increased inflammatory response in aging, we also showed increased transcriptional activity of NFkB p65. Guanosine controlled NFkB activation in mature astrocytes in an HO-1-dependent mechanism. Additionally, numerous studies have shown that suppressing pro-inflammatory astroglial NFkB signaling could improve clinical outcomes in cases of neuroinflammatory-related diseases [61, 62] ; thus, the inhibitory effect of guanosine on NFkB is consistent with its glioprotective role.
In summary, we herein demonstrate that the astrocyte culture model developed by our group is a powerful tool for investigating age-related changes in astrocytic functionality, such as glutamate metabolism, oxidative stress, and the inflammatory response. Additionally, we showed, for the first time, that guanosine has anti-aging effects, reinforcing its potential as a glioprotective molecule in the aging process. Thus, this study contributes to the understanding of the cellular and molecular mechanisms of guanosine in brain aging.
